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We present a novel illumination control technique for optical diffraction tomography (ODT). Various spatial frequencies 
of beam illumination were controlled by displaying time-averaged sinusoidal patterns using a digital micromirror device 
(DMD). Compared to the previous method using binary Lee holograms, the present method eliminates unwanted 
diffracted beams which may deteriorate the image quality of the ODT. We demonstrated the capability of the present 
method by reconstructing three-dimensional refractive index (RI) distributions of various samples, with high RI 
sensitivity (n = 3.15  10-4), and reconstructing 3-D RI tomograms of biological samples, which provided quantitative 
biochemical and morphological information about the samples.  
 
Optical diffraction tomography (ODT) has emerged as an invaluable tool for measuring the three-dimensional (3-D) refractive index (RI) 
distribution of biological samples [1-4]. Because the RI is an intrinsic optical property of a material, ODT enables the label-free quantitative 
imaging of biological samples without the use of exogenous labeling agents such as fluorescent proteins or organic dyes. Recently, ODT and 
3-D quantitative phase imaging techniques have been widely applied to investigate various fields of research, including hematology [5-10], 
immunology [11, 12], neuroscience [13, 14], infectious diseases [5, 15, 16], cancer cells [17, 18], and industrial applications [19].  
As an optical analog to X-ray computed tomography, ODT measures multiple 2-D holograms of a sample from various illumination angles, 
and a 3-D RI tomogram is reconstructed from measured holograms via an inverse scattering algorithm. Thus, in ODT, it is crucial to achieve 
stable and precise control of the angle of the incident beam impinging on the sample. Various control approaches have previously been 
proposed, including a galvanomirror [20-22], a spatial light modulator [23], and mechanical rotation of the sample [24-26].  
Recently, a digital micromirror device (DMD) was employed with ODT, and demonstrated both high-speed control and stable operation 
without mechanical movements  [27, 28].  The approach exploits the Lee hologram method [29, 30].  To control the illumination angle, binary 
amplitude patterns, in which a plane wave of a specific spatial frequency is modulated, were projected on a DMD. Although it provides fast 
control capability, displaying a Lee hologram using the 1-bit (binary) patterns of a DMD inevitably results in unwanted diffraction noise, which 
significantly deteriorates the image quality of the reconstructed tomograms. Previously, to remedy such effects, an annular aperture has been 
used, which selects only the first-order diffracted beam and blocks all other beams. However, the use of the aperture strictly limits the range 
of illumination angles, so that the degrees of freedom available to control the illumination beam are limited. 
In this Letter, we present a novel illumination control method for ODT that overcomes both the limitations of speed and unwanted 
diffraction noise. We propose and experimentally demonstrate a time-multiplexed structured illumination using a DMD. Instead of displaying 
a binary hologram onto a DMD, each pixel of the DMD was set to rapidly flicker and display a high-bit-depth structured illumination with a 
sinusoidal pattern. Using a DMD with the time-multiplexed structured illumination enables an illumination wavefront to be generated with 
precisely defined spatial frequencies, and removes unwanted diffraction noise. We explain the principle of the proposed method and then 
compare it with previous methods. In addition, using the proposed method we demonstrate 3-D RI tomogram measurements of various 
biological cells, including a human red blood cell and a HeLa cell.  
The principle of the method can be explained in two parts: (1) grey-scaled intensity images can be projected by a DMD, a binary intensity 
modulator, using time multiplexing; (2) structured illumination with a sinusoidal intensity pattern is composed of three distinct spatial 
frequencies. In principle, the main physical concept of the present method is the same as that of structured illumination microscopy (SIM) 
[31]; this work can be understood as a holographic version of SIM. 
A schematic diagram explaining the principle is presented in Fig. 1. Compared to the previous method which uses Lee holograms with 
spatial filtering [27, 28], we exploited the time-multiplexed structured illumination of sinusoidal intensity patterns. A sinusoidal intensity 
pattern can be composed of three plane waves [Fig.1(a)] as, 
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where  is a displacement vector on the DMD plane; k is a wavevector, which can be related to the spatial period  of the sinusoidal pattern 
as 2 k ;  is a phase value where  = 0. 
 Fig. 1. Linear decomposition of the time-multiplexed structured illumination for optical diffraction tomography. (a) Two-dimensional sinusoidal 
pattern, composed of three different plane wave components, which is used for illumination. (b) the corresponding field scattered from a sample.  
When a sample is illumination with the intensity pattern in Eq. 1, the transmitted light field Xk  can then be expressed as the 
superposition of scattered fields Uk corresponding to plane wave illuminations ie kρ  [Fig. 1(b)] as, 
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Equation (2) is a linear equation of three unknown variables (U0, U+k, and U-k). Therefore, Eq. (2) can be solved with more than three 
measurements with various phase values . The control of  can be simply achieved by laterally shifting the sinusoidal pattern in Eq. (1), 
which can be understood as analogous to phase-shifting interferometry [32].  
In order to generate the gray-scaled sinusoidal intensity pattern in Eq. (1), we used the built-in video mode display feature of the DMD 
software. The time-multiplexing display method has been widely utilized in DMD-based video projectors. In order to display an 8-bit-depth 
sinusoidal intensity pattern, each grey-scale intensity image is first divided into 8 binary images corresponding to 27, 26, …, 20 digits in binary 
notation. Then, each binary image is projected on a DMD with different flipping frequencies. This structured illumination impinges onto a 
sample, and then the transmitted light field is measured using interferometric microscopy. When measuring transmitted light fields, the 
exposure time of the camera was optimized to obtain the hologram information expressed in Eq. (2), which ensures the time-multiplexed 
structured illumination.  
The setup for the time-multiplexed structured illumination using a DMD and ODT is shown in Fig. 2. A Mach-Zehnder interferometric 
microscope was utilized to measure optical fields  [Fig. 2(a)] [27, 28].  A diode-pumped solid-state laser beam ( = 532 nm, 50 mW, Covolt AB, 
Sweden) was coupled into a 22 single-mode fiber optic coupler (TW560R2F2, Thorlabs, Inc., NJ, USA), which works as a spatial filter, and 
also splits the laser beam into two arms. One arm was used as a reference beam, and the other arm was the sample beam. 
 
Fig. 2. Experimental setup. (a) Optical setup based on Mach-Zehnder interferometry. The structured illumination displayed onto a DMD is projected 
onto a sample plane. (b) The schematic of 51 spatial frequency components addressed by using the patterns in Eq. (3). kx and ky are the x- and y-
directional components of the wavevectors, respectively. The gray arrow indicates the direction of circular scanning.  
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The sample beam is reflected by a DMD (DLP LightCrafter 3000, Texas Instruments Inc., TX, USA) in order to control the wavefront of the 
incident beam. The DMD displays 8-bit sinusoidal patterns as in Eq. (1). Then, the patterned beam was projected onto a sample plane, after 
being demagnified by a tube lens (f = 200 mm) and a high numerical aperture (NA) condenser lens (NA = 1.2, water immersion, UPLSAPO 
60XW, 60, Olympus Inc., Japan). It is noteworthy that the present technique does not require the use of any additional iris or aperture for 
filtering unwanted diffraction patterns.  
Then the beam diffracted from a sample was collected by a high NA objective lens (NA = 1.2, water immersion, UPLSAPO 60XW, 60, 
Olympus Inc., Japan) and projected onto an image plane via a tube lens (f = 180 mm). At the image plane, the diffracted and the reference beam 
interfered, and generated a spatially modulated hologram. The hologram was recorded by a CCD camera (FL3-U3-13Y3M-C, FLIR Systems, 
Inc., OR, USA). The complex optical fields of the sample Xk which was illuminated with a specific sinusoidal pattern, were retrieved from the 
measured holograms via a field retrieval algorithm [33, 34].  
In order to retrieve individual scattered fields Uk, we performed the following decomposition process. Because sinusoidal intensity patterns 
share the unmodulated (normal) illumination or DC term [Eq. (2)], we first measured U0 separately. Then, for each wavevector k, two 
additional measurements with  = 0, /2 were performed to extract U+k and U-k. Therefore, the present method requires 2N+1 fields 
measurements for N sinusoidal patterns, which can be described as,  
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By solving Eq. (3), a total of 2N+1 scattered fields components ( 0U , 1kU , 1kU , …, NkU , NkU ) were retrieved. In the following experiments, 
we performed circular scanning composed of 51 plane wave components [Fig. 2(b)].  
In order to validate the proposed method, we experimentally performed the retrieval of scattered field components (Fig. 3). From the 
experimentally measured hologram obtained with the time-multiplexed structured illumination [Fig. 3(a)], the scattered fields are retrieved 
after decomposition [Fig. 3(b)]. Please note that in order to decompose these three scattered fields, we measured three holograms: 
0 0 /2
0 , ,X X X

k k
.  
 
Fig. 3. Experimental measurements of the time-multiplexed structured illumination. (a) Hologram measured with the time-multiplexed structured 
illumination. (b) Retrieved amplitude and phase maps after decomposition. (c) Corresponding Fourier spectra maps, which clearly show each spatial 
frequency component. (d) Fourier spectra map obtained with the method using Lee holograms as in Ref. 27. There are several unwanted diffraction 
patterns, as indicated by the red arrows. 
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The corresponding Fourier spectra maps show individual spatial frequency components without diffraction noise. In contrast, the Fourier 
spectra of the optical field obtained with the previous method using Lee holograms [Fig. 3(d)] show several unwanted diffraction noise 
patterns (indicated with the red arrows), which significantly deteriorate the image quality.  
From the retrieved scattered field components, the 3-D RI distribution of the sample was reconstructed by using an ODT algorithm [1, 5]. 
Each 2-D Fourier spectrum of a complex optical field was mapped onto the corresponding Ewald surface in the 3-D Fourier space according 
to the Fourier diffraction theorem [1, 35]. Then, the 3-D RI distribution of the sample was reconstructed by applying the 3-D inverse Fourier 
transformation to the 3-D Fourier space. Detailed procedures and a MatLab code can be found elsewhere [5]. 
In order to validate the feasibility of the present method, we measured the 3-D RI distributions of various samples including colloidal and 
biological samples. We first measured a silica bead with a diameter of 5 m (44054, n = 1.4607 at  = 532 nm, Sigma-Aldrich Inc., MO, USA) 
immersed in 55% (w/w) sucrose solution (n = 1.43) (Fig. 4).  
 
Fig. 4. (a) Cross-sectional slices and (b) 3-D rendered images of the reconstructed 3-D RI distribution of a silica bead with a diameter of 5 m. (c) The 
distribution of RI contrast values in the background region of the tomogram in (a). The solid red line indicates a Gaussian fit with the standard deviation 
of 3.15 × 10−4. 
As shown in Figs. 4(a)(b), the shape and RI value of the reconstructed tomogram of the silica bead are in good agreement with the 
manufacturer’s specification. In addition, the reconstructed RI tomogram exhibits high RI sensitivity. As shown in Fig. 4(c), the standard 
deviation of the RI contrast values in the background region was n = 3.15  10-4. This high RI sensitivity is attributed to the elimination of 
unwanted diffraction noise as a result of using the time-multiplexed structured illumination.  
To further demonstrate the applicability of the method, we measured the 3-D RI distributions of live biological cells (Fig. 5).  The 
reconstructed 3-D RI distribution of a red blood cell (RBC) is presented in Fig. 5(a). Blood from a healthy donor was diluted in a phosphate 
buffered saline solution (n = 1.337 at  = 532 nm, Welgene Inc., Korea), and individual RBCs in the diluted blood were measured using the 
present system. The measured 3-D RI map of the RBC clear shows the characteristic discoid shape, as in the cross-sectional slices [the left 
panel of Fig. 5(a)] and a 3-D rendered image [the right panel of Fig. 5(a)]. From the measurements of 10 RBCs, we calculated quantitative 
information including the biochemical and morphological parameters of individual RBCs. Cellular volume, hemoglobin (Hb) concentration, 
and Hb contents were calculated to be 89.47  7.88 fL, 33.67  0.69 g/dL, and 30.10  2.40 pg, respectively, which in the normal physiological 
condition [6]. Furthermore, the 3-D RI distribution of a HeLa cell was also measured [Fig. 5(b)], which shows more complicated subcellular 
structures. 
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Fig. 5. Cross-sectional slices (left panel) and 3-D rendered images of the reconstructed 3-D RI distribution of (a) a red blood cell, and (b) a HeLa cell. 
In conclusion, we proposed and experimentally demonstrated a novel illumination control technique for 3-D RI tomograms using a DMD 
and time-multiplexed structured illumination. The present illumination method effectively controls the wavefronts so that scattered fields 
from a sample with various spatial frequencies were precisely retrieved.  The time-multiplexing projection of sinusoidal intensity patterns 
does not produce unwanted diffraction noise, compared to the previous method using binary Lee holograms. We demonstrated the 
performance of the present method by measuring various types of microscopic samples including a silica bead, a human RBC, and a HeLa cell. 
The 3-D RI tomograms of the samples were precisely measured with minimal diffraction noise; the reconstructed tomograms showed high 
RI sensitivity, of n = 3.15  10-4. 
We envision that the present technique can be applied to various imaging modalities that require precise illumination control with the use 
of a DMD, such as synthetic aperture holographic microscopy [36, 37] and structured illumination fluorescent microscopy [38]. Since a DMD 
provides ultra-fast control of an illumination beam with a repetition rate of up to tens of kHz, we anticipate that the use of the present 
technique with various imaging modalities will open a new avenue for the investigation of various imaging sciences.  
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